Objective: To evaluate the long-term persistence of anti-hepatitis B surface (HBs) antibodies and the response to a HB challenge re-vaccination in children who had received a primary series of DTaP-IPV-HB-PRP»T (Hexaxim TM ) or DTaP-IPV-HB/PRP»T (Infanrix hexa TM ). Methods: Two cohorts of participants who had previously received HB vaccine at birth followed by either DTaP-IPV-HB-PRP»T or DTaP-IPV-HB/PRP»T co-administered with PCV7 at 2, 4, 6 months of age in a randomized, Phase III, observer-blind study in Thailand, were followed up for anti-HBs antibodies (geometric mean concentrations [GMCs] and seroprotection [SP] rate [% of participants with a titer 10 mIU/mL]) at 12-18 months of age and 9-10 years of age. A monovalent HB challenge re-vaccination was administered at 9-10 years of age and the anamnestic response was evaluated. Results: Anti-HBs GMCs and SP rates in the DTaP-IPV-HB-PRP»T and DTaP-IPV-HB/PRP»T groups were high and similar post-primary vaccination series (2477 mIU/mL and 99.5% and 2442 mIU/mL and 99.5%, respectively) and declined to a similar extent in each group at 12-18 months (154.5 mIU/mL and 90.8% and 162.3 mIU/mL and 96.5%, respectively). Antibody levels further declined at 9-10 years of age (13.3 mIU/mL and 49.3% and 8.0 mIU/mL and 42.9%) and a strong anamnestic response occurred in each group post-HB challenge re-vaccination (92.8% and 98.7%, respectively). Conclusion: The kinetics of long-term anti-HBs antibody persistence were similar following a primary series of DTaP-IPV-HB-PRP»T or DTaP-IPV-HB/PRP»T. The response to a subsequent HB challenge re-vaccination was strong and similar in each group, demonstrating persisting immune memory.
Introduction
Multivalent pediatric vaccines are vital in achieving and maintaining high vaccine coverage against childhood diseases such as diphtheria (D), tetanus (T), pertussis, poliomyelitis, Haemophilus influenzae type b (Hib) invasive infections. The most modern of these vaccines are hexavalent including a hepatitis B antigen. Two such vaccines are currently widely available, a DTaP-IPV-HB/ PRP»T hexavalent vaccine (Infanrix hexa TM ) that is reconstituted prior to use [1] [2] [3] and a fully liquid DTaP-IPV-HB-PRP»T hexavalent vaccine (Hexaxim TM , Hexyon TM , or Hexacima TM , depending on the country of sale). [4] [5] [6] [7] The fully liquid vaccine was first licensed in 2012. It is now licensed in 105 countries worldwide with more than 32 million doses having been distributed in 70 countries, and is pre-qualified by the World Health Organization. 8 Hexaxim is based on previous widely used and well-established tetravalent DTaP-IPV and pentavalent DTaP-IPV/PRP»T vaccines (Tetraxim TM /Tetravac TM and Pentaxim TM /Pentavac TM , respectively, depending on the country of sale) 9, 10 with the addition of 10 mg Hansenula polymorpha-derived HB surface antigen (HBsAg). The good safety and immunogenicity of this HBsAg have been well documented for both monovalent administration and as part of the hexavalent vaccine. 5, 11 The hexavalent vaccine has been shown to be safe and immunogenic in four continents when administered in a variety of pediatric vaccination schedules with or without coadministration of other common childhood vaccines; the HBsAg has been shown to be immunogenic in schedules with and without administration of a standalone HB vaccine prior to the first primary series dose of hexavalent vaccine according to national immunization schedules, including the challenging 6, 10, 14 week and 2, 3, 4 month schedules, and following a booster in the second year of life. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The persistence of immunity against HB virus (HBV) after vaccination in infancy is important as it drives the adult booster vaccination recommendations that should be in place for all infant cohorts routinely vaccinated against HBV and living in areas where the HBV endemicity and exposure justify the maintenance of continued immunity. Based on evidence over the last 3 decades, several national vaccination policy bodies have issued recommendations for HB vaccination where revaccination (boosters) is not justified in infants who have responded well to a primary HB vaccination series 25, 26 but some debate still persists. [27] [28] [29] A number of studies have shown that T-cell and B-cell memory against HBV can persist in individuals previously vaccinated with HBs-containing combination vaccines decades after the primary vaccination series with no regular booster vaccination [30] [31] [32] [33] and that this persistent memory can be observed even in the absence of detectable anti-HBs antibodies. 34, 35 This observation has even been reported for a previously licensed fully liquid DTaP-IPV-HB-PRP»T vaccine (Hexavac TM ) that has been shown to induce lasting immune memory [36] [37] [38] despite having initially presented with sub-optimal early anti-HBs responses. 39, 40 A previous study evaluated cohorts of participants who received either Hexaxim or Infanrix hexa at 2, 4, 6 months of age in Thailand, co-administered with a 7-valent pneumococcal vaccine (PCV7) following a birth dose of standalone HB vaccine, 15 with no difference in immunogenicity or safety between groups. Since no HB booster vaccination was given to these participants, according to the Thai national vaccination recommendations, their follow-up allowed the evaluation of shortterm and long-term persistence of the HBsAg antibodies following an HB vaccination at birth followed by a pediatric 2, 4, 6 month primary vaccination series. In addition, the subsequent response to a HB challenge re-vaccination at 9-10 years of age evaluated the quality of the residual immune memory still present at that time.
Results

Participants studied
A total of 412 participants were randomized to receive a primary series of either DTaP-IPV-HB-PRP»T and PCV7 (N D 206) or DTaP-IPV-HB/PRP»T and PCV7 (N D 206). 15 Of these, a blood sample was drawn from 65 and 57 participants, respectively, for the assessment of anti-HBs antibody persistence at 12-18 months of age. At 9-10 years of age 71 and 79 participants, respectively, received the HB challenge revaccination and provided blood samples pre-and post-vaccination (all of whom had provided a blood sample post-primary vaccination series). Overall, 27 and 28 participants provided a blood sample at each of the three timepoints (post-primary vaccination, 12-18 months and 9-10 years of age). Participant disposition is presented in Fig. 1 . The sex ratio (male:female) of the two groups of subjects who contributed to the follow-up evaluations was similar across the two groups post-primary series vaccination and at both 12-18 months and 9-10 years of age (overall 1.7 for the DTaP-IPV-HB-PRP»T and PCV7 group and 1.8 for the DTaP-IPV-HB/PRP»T and PCV7).
Immunogenicity
Anti-HBsAg GMCs and SP rates were high and similar in each group at 1 month after the primary series vaccination ( Table 1 and Fig. 2) . 15 Anti-HBs GMCs decreased 6-12 months later (12-18 months of age) to a similar extent in both groups (from 2477 mIU/mL to 154.5 mIU/mL in the DTaP-IPV-HB-PRP»T and PCV7 group and from 2442 to 162.3 mIU/mL in the DTaP-IPV-HB/PRP»T and PCV7 group) and SP rates remained similar in each group (Table 1 and Fig. 2 ).
Anti-HBs antibody levels continued to decrease at 9-10 years after the primary series to a similar extent in each group: antiHBs GMCs prior to the HB challenge re-vaccination were 13.3 mIU/mL and 8.0 mIU/mL, respectively. In terms of SP rate, the persistence of anti-HBs antibody concentrations 10 mIU/mL was similar in each group (49.3% and 42.9%, respectively) ( Table 1 ).
An anamnestic response was observed that was similar in each group (92.8% and 98.7%) after the HB challenge re-vaccination at 9-10 years of age with GMCs increasing to 3692 mIU/mL and 4241 mIU/mL, respectively, and SP rates of 92.8% and 98.7% (10 mIU/mL) and 89.9% and 97.4% (100 mIU/mL) ( Table 1 and Fig. 2 ).
The reverse cumulative distribution curves (Fig. 3) show the strong anti-HBs responses post-primary vaccination series and post-HB challenge re-vaccination, as well as the declining antibody levels at 12-18 months and 9-10 years of age.
Individual anti-HBs results for the participants who provided samples post-primary vaccination series and 9-10 years of age, irrespective of whether a sample was provided at 12-18 months of age (N D 71 and N D 79 for the DTaP-IPV-HB-PRP»T and DTaP-IPV-HB/PRP»T groups, respectively) are presented in Fig. 4 . These data support the overall anti-HBs profiles described for each group. However, five participants who had received DTaP-IPV-HB-PRP»T and one participant who had received DTaP-IPV-HB/PRP»T did not develop antiHBs antibody levels above the 10 mIU/mL threshold after the HB challenge re-vaccination. Of these, one of the five participants who had received DTaP-IPV-HB-PRP»T and the participant who had received DTaP-IPV-HB/PRP»T had not responded to the initial primary series and were considered to be non-responders. No assessment of anti-HBc antibody or HBs antigen was performed for these participants. Table 1 . Anti-HBs antibody response post-primary vaccination, persistence at 12-18 months and 9-10 years of age, and response to HB challenge re-vaccination at 9-10 years of age.
DTaP-IPV-HB-PRP»T and PCV7 primary series
DTaP-IPV-HB/PRP»T and PCV7 primary series Data are % (95% CI) participants with concentration above threshold or geometric mean concentration (GMC) (95% CI); data at 7 months and 9-10 years are from the PP analysis set. NA, not applicable 
Safety
The primary series vaccinations were well tolerated in each group with no vaccine-related SAEs 15 and there were no immediate AEs nor any SAEs following the HB challenge revaccination.
Discussion
Pediatric vaccination against HBV can be performed using a range of schedules depending on national specificities. 41 The HB antigen is generally delivered using combination vaccines with the exception of HB vaccination at birth, which is administered using a standalone monovalent HB vaccine if required by national recommendations to protect against maternal HB virus transmission in areas of high endemicity. 26 Although the exact duration of protection is not defined for all age groups, primary vaccination series, and types of vaccine used for immune priming, both long-term persistence of anti-HBs antibodies and HB immune memory up to 20-30 years after the primary vaccination series have been demonstrated. [30] [31] [32] 34, [42] [43] [44] [45] [46] [47] [48] [49] [50] Long-term protection against HB is perhaps more dependent on persistence of immune memory than the persistence of detectable antibodies per se and according to WHO 'the substantial body of evidence does not provide a compelling basis for recommending a booster dose of hepatitis B vaccine after completion of the primary vaccination series for persons with normal immune status'. 26 As such, although booster vaccination against HB is often performed in the second year of life for operational simplicity, e.g. if a HB antigen is contained in the booster combination vaccine, this is not considered to be essential.
The present studies represent the longest follow-up (9-10 years) of anti-HBs antibody persistence for the DTaP-IPV-HB-PRP»T vaccine. Good persistence was shown in the second year of life following a schedule combining HB vaccination at birth with a 2, 4, 6 month HBsAg-containing hexavalent primary series and no further booster vaccination; there was no difference between participants who received Hexaxim or Infanrix hexa. Although antibody levels were lower at 9-10 years of age, a strong anamnestic response was demonstrated for the vast majority of participants following a challenge re-vaccination with a standalone HB vaccine. These results demonstrate that persisting immune memory resulting from good priming is more important than actual levels of anti-HBs antibodies in terms of a strong resultant anti-HBs response to subsequent challenge vaccination, and further support the WHO statement that the evidence for routine booster HB vaccination is not compelling. Studies in areas of high endemicity have shown that although breakthrough HB virus infections can occur, fully vaccinated individuals do not develop clinical symptoms. 51, 52 Since fully vaccinated individuals will inevitably include a small percentage of non-responders, as observed in the present studies, even individuals who do not respond to a secondary HB challenge re-vaccination would therefore not be expected to develop clinical manifestations if exposed to HB virus. However, with less than 50% of participants in each group having anti-HBs 10 mIU/mL at 9-10 years of age a monovalent HB vaccine booster, with low reactogenicity and a good anamnestic response, could be considered at that time in areas of high HB endemicity. Importantly, long-term follow up of cohorts who had received Hexavac, which was withdrawn by the EMA as described earlier due to concerns over long-term HB protection, 39, 40 has shown no breakthrough HB infection. 38 Moreover, 92% of Hexavacvaccinated infants showed an anamnestic response to a HB booster at 4-7 years of age. 37 These and other studies further support the importance of the role played by immune memory rather than simply anti-HBs antibodies 30, 32, 34, 35, 42, [44] [45] [46] [47] 53, 54 in long-term protection against HB.
A limitation of the present studies is that it was not possible to collect follow-up data for all participants included in the primary series study. Due to this reduced sample size it is not possible to accurately define the distribution of non-responders between the Hexaxim and Infanrix hexa groups, however, as an observational follow up study, the sample size is considered to be sufficient to support a descriptive assessment of anti-HBs antibody persistence and the effect of an HB challenge re-vaccination 9-10 years after a three dose primary vaccination series. Additionally, as this was an observational study and the sample size was strictly controlled the study was not powered to perform any statistical analyses, such as non-inferiority, and the group comparison is descriptive. We also accept the possibility of a natural booster effect, but this was not evaluated and also represents a study limitation. A last limitation is that anti-HBc and HBsAg data were not collected.
In conclusion, the results described are consistent with previous observations following the administration of similar vaccines in similar cohorts that were followed for similar periods of time and support the long-term persistence of clinical protection against HB virus infection afforded by multivalent HBcontaining vaccines. The importance of immune memory is underlined, with strong anamnestic responses observed even in individuals with low anti-HBs antibody levels.
Materials and methods
Study design and participants
A Phase III randomized, observer-blind, controlled, trial was conducted in 4 study sites to investigate the safety and immunogenicity of a primary series of the DTaP-IPV-HB-PRP»T vaccine versus the DTaP-IPV-HB/PRP»T vaccine given at 2, 4, 6 months of age and co-administered with PCV7 in Thailand between October 2006 and November 2007 15 (ClinicalTrials.gov identifier: NCT00401531). All study participants had received a standalone HB vaccine at birth. Blood samples were subsequently collected at 12-18 months of age within the scope of a separate evaluation of the immunogenicity and safety of a 23-valent pneumococcal polysaccharide vaccine (NCT02610348) 55 and at 9-10 years of age (NCT02697474) to evaluate long-term persistence of anti-HBs antibodies. At 9-10 years of age all participants received a standalone HB vaccine and their anti-HBs response 1 month later was also assessed.
All study protocols and amendments were approved by independent ethics committees at each study site and the studies were performed according to Thai regulations, Good Clinical Practice, applicable International Conference on Harmonization guidelines, and the ethical principles of the Declaration of Helsinki (Edinburgh revision, October 2000). Signed informed consent was provided by at least one parent or legally acceptable representative of each participant for each part of the study, and signed assent was obtained from each participant at 9-10 years of age.
For the primary series study, healthy infants aged 2 months who had received a HB vaccine at birth, born at full-term (37 weeks), with birth weight 2.5 kg were eligible for inclusion in the study. Standard exclusion criteria were used which are described in full elsewhere 15 and included known personal or maternal history of hepatitis B (HBsAg carrier), human immunodeficiency virus (HIV), or hepatitis C seropositivity so that all participants were born to mothers uninfected with HB, HIV, and hepatitis C. Participants were randomized in a 1:1 ratio to receive either the investigational DTaP-IPV-HB-PRP»T vaccine or the control DTaP-IPV-HB/PRP»T vaccine at 2, 4, 6 months of age coadministered with PCV7. At 12-18 months of age blood samples were taken from participants who had received the primary vaccination series 55 ; as this was a non-interventional study no extra inclusion or exclusion criteria applied, although samples from participants who had received any vaccine containing D, T, aP, IPV, HB, or PRP»T since the primary series were not analyzed. At 9-10 years of age, participants who had received the primary series vaccines were again re-contacted and received a standalone HB (challenge) re-vaccination. For participants with a low anti-HBs response (<10 mIU/mL) after the HB challenge re-vaccination, two additional standalone HB vaccinations were provided outside the scope of the study. Participants were excluded at 9-10 years of age for any of the following reasons: participation in another clinical trial in the previous 4 weeks, history of HB infection, receipt of HB vaccine since the primary series, receipt of any vaccine in the previous 4 weeks (except for Bacille Calmette Guerin vaccine or oral poliovirus vaccine [OPV] given in the context of an OPV national immunization day), receipt of blood products or immunosuppressant drugs in the previous 3 months, acquired immunodeficiency or hepatitis C infection since the primary series study, chronic illness following the primary series (e.g. leukemia, lymphoma, Crohn's disease), and any acute illness or febrile illness.
The hexavalent and PCV7 primary series vaccines were administered intramuscularly into the anterolateral area of the right and left thigh, respectively; the HB challenge re-vaccination was given by intramuscular administration into the deltoid muscle.
Vaccines
The investigational DTaP-IPV-HB-PRP»T vaccine (Hexaxim: batch number S4106) was manufactured by Sanofi Pasteur, France and supplied as a preservative-free, fully liquid suspension for injection in single dose pre-filled syringes. The HB vaccine administered at birth was in accordance with the national immunization calendar in Thailand and outside the scope of this study. The recombinant standalone HB vaccine administered at 9-10 years of age (Euvax-B TM : batch number UFA14010) was manufactured by LG Life Sciences and presented as a thimerosal-preserved liquid suspension in multi-dose glass vials. Each 0.5 mL dose contained 10 mg purified HBsAg and 0.25 mg aluminium hydroxide gel.
The PCV7 vaccine (Prevnar TM : batch number 20882) was manufactured by Wyeth (now Pfizer Incorporated) and supplied in single-dose pre-filled syringes.
Serology
Anti-HBs antibodies were analyzed using blood samples taken at 1 month after the primary series (7 months of age), at 12-18 months of age, prior to the HB challenge re-vaccination at 9-10 years of age, and 1 month after the HB challenge revaccination.
All serological analysis of anti-HBsAg antibodies was performed in a blinded manner at the Sanofi Pasteur Global Clinical Immunology laboratory (Swiftwater, PA, USA) using the commercially available VITROS ECi/ECiQ Immunodiagnostic System assay based on a chemiluminescence detection technology. The consistency of assay performance over time was demonstrated by trending of control serum samples that extended over the range of low, mid, and high titer sera.
Safety
Primary series reactogenicity and safety are reported elsewhere. 15 No safety data were collected at 12-18 months of age since no vaccine was administered. For the HB challenge re-vaccination at 9-10 years of age, participants were kept under observation for 30 minutes per usual practice following a vaccination, but due to the well-established good safety profile of the HB vaccine only SAEs were to be collected to 1 month post-vaccination. No other assessment of safety or reactogenicity was performed.
Statistical analyses
The objective of these three studies together was to describe the anti-HBsAg antibody profile at 1 month after a 2, 4, 6 months of age primary series vaccination of the investigational and control vaccines, co-administered with PCV7, at 12-18 months of age, and before and after a HB challenge re-vaccination at 9-10 years of age. With the exception of the primary series, for which a non-inferiority analysis is described elsewhere, 15 all analyses were descriptive.
The confidence interval (CI) for single proportions were calculated using the exact binomial method (Clopper-Pearson method). 56 For the anti-HBs concentration data, assuming that the log 10 transformation followed a normal distribution, at first, the mean and the 95% CI were calculated on log 10 using the usual calculation for normal distribution (using Student's t distribution with n-1 degree of freedom), and then antilog transformations were applied to the results to provide geometric mean concentrations (GMCs) and their 95% CIs.
As well as GMCs, seroprotection (SP) rates were calculated based on thresholds of 10 mIU/mL and 100 mIU/mL, and the percentage of participants with an anamnestic response post-HB challenge re-vaccination was calculated for each group (see Table 1 for definition). Reverse cumulative distribution curves of anti-HBs antibody concentrations for the four time points evaluated (i.e. 7 months of age, 12-18 months of age, and preand post-HB challenge re-vaccination at 9-10 years of age) were also prepared.
The sample size calculation for the primary series study is described elsewhere. 15 As many participants who had completed the primary series as possible were re-contacted at 12-18 months and 9-10 years.
The primary vaccination and HB challenge re-vaccination data are presented for the per protocol (PP) analysis set (all participants who received all planned vaccinations and had no protocol deviations). For the assessment at 12-18 months, all participants who provided a blood sample are included (no analysis sets were defined).
All statistical analyses were performed under the responsibility of the Sponsor's Biostatistics Platform using SAS Ò software, Version 9.2 or 9.4 (SAS Institute, Cary, North Carolina, USA).
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